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The intercellular region of the stratum corneum can be iso-
lated in the form of membrane complexes (intercellular lipids 
and adjacent cornified envelopes) which are devoid of the 
cytoplasmic components. In this .study the temperature in-
duced phase transitions and corresponding lipid domain reor-
ganization in isolated stratum corneum (SC) sheets and SC 
membrane complexes (SCM) were determined using the 
electron spin resonance (ESR) spin probe technique. The spin 
probe perdeuterated di-tert-butylnitroxide (pdDTBN) in SC 
and SCM revealed less well-defined physiologic phase tran-
sitions in the SCM and a more polar lipid domain in SC. 
However, the ESR results show the coexistence of highly 
ordered domains (immobilized spin probe) and less viscous 
domains in intact SC, which persist in SCM. Above= zooc 
the spin probe is dissolved in a highly disordered (isotropic) 
lipid domain in both SC and SCM. In both solvent extracted 
T he evidence for the involvement of both protein and lipid domains in the regulation ofboth drug and water permeability of the stratum corneum (SC) has been reviewed recently [1-4]. However, definitive assign-ment of the non-lipid and lipid domains (i.e., whether 
these domains act independently of each other or cooperatively) in 
permeability phenomena (1,3,4] and in the regulation of desquama-
tion (2,5,6 reviews] first requires more detailed information about 
the molecular architecture of the SC than is currently available. 
Using a stable free radical, perdeuterated di-tert-butyl nitroxide 
(pdDTBN) as the spin probe, Rehfeld et al [7] recently showed, by 
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Abbreviations: 
DSC: differential scanning calorimetry 
ESR: electron spin resonance 
HFA: a-hydroxy fatty acid 
NFA: non-hydroxy fatty acid 
pdDTBN: perdeuterated di-tert butyl nitroxide 
SC: stratum corneum 
SCM: stratum corneum me~brane complexes 
SC and SCM, the spin probe is dissolved in a highly ordered 
lipophilic domain associated with the lipids complexed to the 
corneocyte envelope and exhibiting no thermal transitions 
between-23o to 60oC. Further, the amount ~f mobile spin 
probe is related to the amount of residual lipid. An unex-
pected finding was the apparent reduction of the spin probe 
in solvent extracted SCM, suggesting the presence of a pre-
viously unrecognized free radical reducing mechanism in 
these sites. The mobilities of the spin probe when dissolved in 
model lipids, non-hydroxy, and hydroxy containing ceram-
ides and cholesteryl oleate, differed significantly from those 
observed in SC or SCM. These studies demonstrate the use-
fulness of ESR for the localization and characterization of 
lipid microenvironments in the stratum corneum. J Invest 
Dermatol 95:217-223, 1990 
electron spin resonance (ESR) measurements, that the thermal 
phase transitions identified in mammalian SC correspond to the 
J?.hase transitions observed by differential scanning calorimetry 
{DSC) (8,9]. Further, the ESR metl·.od also provided information on 
the polarity of the spin probe's environment and the degree of lipid 
order remaining with increasing temperature. Recently, Grayson 
and Elias (10] described a procedure for the isolation of SC mem-
brane complexes (SCM) from intact neonatal mouse SC. These 
preparations are comprised of cornified envelopes from acljacent 
corneocytes, with trapped intercellular lamellae, devoid of intracel-
lular keratin or matrix proteins. Moreover, the SCM were shown to 
contain a) lamellar bilayers comparable to intact SC; b) a similar 
lipid distribution to that found in solvent extracts of intact SC; c) a 
greater weight percent of lipid than that present in whole SC (50 
versus 10%); and d) a similar wide-angle x-ray diffraction pattern, 
but somewhat different small angle diffraction pattern, than that 
found in whole SC (11]. The availability of the SCM provides a 
useful substrate to localize both distinctive ESR spectra associated 
with the spin probe and thermally induced phase transitions to 
specific anatomic domains within the SC. 
In this study, we addressed three questions: i) Do all of the spin 
probe's lipid-related spectra originate from the corneocyte periph-
ery? ii) Can :my.of the spect~a that originat~ from the cell periphery 
be further localized to spec1fic domams Within the cornified enve-
lope or intercellular spaces; i.e., which thermally induced transi-
tions can be attributed to solvent extractable intercellular lamellae, 
lipids complexed to the external surface of the cornified envelope or 
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the highly cross-linked corneocyte envelope itself? iii) Finally, can 
any of the phase transitions observed in tissue samples be ascribed to 
a specific stratum corneum lipid component? In this study ESR 
measurements were compared between the spin probe in intact SC, 
SCM, solvent extracted SC, solvent extracted SCM, and certain 
model lipids (ceramides and cholesteryl oleate) over a wide temper-
ature range (-25 o to 65 o C). Although we found that both the spin 
probe's mobility and its environment are not identical in intact SC 
versus SCM, the similarities nevertheless give fuqher evidence for 
the compartmentalization of lipids to the intercellular spaces in SC 
[6]. Moreover, we found that a relatively small (<0.5%), non-polar 
mobile phase remains after exhaustive solvent extraction, further 
evidence for the existence of lipid coupled to the external surface of 
the cornified envelope [12). Furthermore, we found that the 
amount of free spin probe observed after various degrees of solvent 
extraction of SC indicates the completeness of lipid removal, and 
conversely the amount of residual lipid. Finally, phase transitions 
were observed at both physiologic and supraphysiologic tempera-
tures in tissue samples, but these tramitions did not coincide with 
those observed in sphingolipids, suggesting that thermal phenom-
ena that are observed in vivo reflect interactions of more than one 
lipid and/or non-lipid membrane constituents. 
MATERIALS AND METHODS 
Source of Materials The perdeuterated di-tert-butyl nitroxide 
(pdDTBN) was prepared as previously described (13 ,14]. All sol-
vents used were reagent grade. Triolein, non-hydroxy (predomi-
nately stearic (18:0), and nervonic (24:1) (NFA) and a-hydroxy 
fatty acid (HFA) bovine brain ceramides were obtained from Sigma 
Chemical Co., while cholesteryl oleate came from Aldrich Chemi-
cal Co .. 
Animals and Source of Material Fifty four adult male hairless 
mice (HRS/J, Jackson Labs, Bar Harbor, ME) 9-12 weeks in age 
were us'ed to obtain homogeneous SC sheets by sequential trypsini-
zation, as we have described previously [ 1 0), but without using filter 
paper. The SC sheets were vacuum dried and stored at -70 o C until 
further processing. 
SC Membrane Preparation Membrane complexes (SCM), 
consisting of cornified envelope and lipid-enriched multilayers, 
were prepared from the isolated SC according to the method of 
Grayson and Elias using neonatal mice [10], with the following 
modification. The pH of the tris-HCl buffer used was 7.2 instead of 
8.8, and the proteolytic digestion with subtilisin was increased to 
1.75 h. The resultant pellet of SCM obtained was resuspended in 
fresh buffer with 0.01% sodium azide and placed into dialysis tub-
ing (Spectro Por 1, 6,000-8,000 m.w. ~utoff, Spe~trum ~e~ical 
Industries, Inc., Los Angeles, CA), and dialyzed agamst de-wmzed 
water at 4 o C for 24 h. The dialyzed SCM was centrifuged, and the 
supernatant was removed. Porti?ns of represen.ta~ive SCM p~ep~ra­
tions were taken for electron microscopy and lipid charactenzatwn 
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(see below). The remaini11g sample was dried first under high purit)1 
nitrogen and then under vacuum (0.1- 0.2 torr) overnight an~ 
stored at -70°C. 
Electron Microscopy of Whole SC SCM Preparations Re, 
plicate samples of whole SC and SCM of hairless adult mice, befor~ 
and after solvent extraction and/or saponification, were processe~ 
for thin section electron microscopy, as described previously [10] 
However, ruthenium tetroxide was substituted for osmium tetrox~ 
ide for post-fixation [ 16, 17]. The appearance of adult hairless mous~ 
SC, s?lvent-extracted SC (chloroform-methanol 2:1 vol. followe~ 
by Bhgh/Dyer solvent extractiOn), and SC sheets that were saponi, 
fied after solvent extraction was comparable to previous descrip, 
ti~ns of neonatal mice and pig SC (11,12,24; data not shown]. Thesr; 
micrographs showed that organic solvents remove the intercellul~ 
lamellar bilayers from intact SC, leaving an electron-lucent dom~ 
external to the corneocyte outer surface (11, 12,24]. The width o~ 
the intercellular space in unextracted SC versus solvent-extracteq 
SC ranged from 26-28 nm and 8-9 nm, respectively. The mor, 
phol~gy of the intercellular lamellae of whole SC versus SCM eli~ 
not differ (10], and solvent extraction also removed the majority o~ 
the intercellular lamellae from SCM (Fig 1A) leaving closely ap--
posed membrane outer leaflets, as seen in solvent extracted whole: 
SC (Fig 1B), in agreement with previously reported electron rni, 
croscopy results for solvent extracted, neonatal mouse SC (1 2,24]. 
Moreover, the intercellular spacings in unextracted SCM versus 
extracted SCM shown here are the same as those for unextracted SC 
v.ersus solvent-extracted SC; i.e., 26-28 nm and 8-9 nm, respec, 
tlvely. The electron-lucent domain, which remains complexed to 
the external surface of the cornified envelope even after exhaustive 
solvent extraction of SCM, is only removed by subsequent saponifi, 
cation, as in whole SC. 
Li~id Extraction of SC and SCM SC sheets (97 mg dry 
weight) and SCM (16.9 mg dry weight) were each extracted in_ 
Bligh-Dyer solvents [15] (chloroform-methanol-water; 2:4:1.6 by 
vclume) at 4 °C, as previously described (10]. The lipids extracted 
were dried under high purity nitrogen and then under vacuum 
(0.1-0.2 torr). An aliquot of solvent extracted whole SC sheets was 
sapon.ified ~nd. the lipids recovered, as previously described [12]. 
The hpid distnbution of the above extracts was fractionated quanti-
tatively by quartz-rod microchromatography (Iatroscan) (18]. Thin 
layer chromatography was also used to check the distributions de-
termined by Iatroscan. 
When the lipid contents of whole SC and SCM from adult hair, 
less mice were compared, they contained 12.4% and 44% lipid b • 
weig~t, resrectively. The lipid profiles of whole SC and SCM did 
not. diffe~ s1gmficantly, with the exception of a small increase in_ 
sphmgohpids and a decrease in free sterols in the SCM (Fig 2). 
These results are comparable to previously published values fo~ 
comparable preparations obtained from neonatal mouse whole SC 
versus SCM (10]. 
Figure 1. Electron micrographs of SCM {A) and solvent extracted SCM (B). 
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Figure 2. The lipid profiles for the lipid extracts from whole SC sheet and 
SCM. HC, hydrocarbons; SE, sterol esters; TG, tnglycendes; FA, free fatty 
acids; FS, free sterols; SL, sphingolipids. 
As pointed out above, the average interstitial lamellar region of 
both SC and SCM decreased from a thickness of approximately 27 
run to 9 nm, a 67% reduction in width. The difference between the 
weight percent lipids .extracted, 44°~o, and the percent reduction .in 
width is probably due 111 part to the differences between the densttles 
of the intercellular material and the cornified envelope and the 
removal of non-lipid material contained in the interstitial lamellar 
space. . 
After saponification of the solvent extracted SC as descnb~d 
above, only 3% lipid by weight was recovered from the me~h.anohc 
NaOH filtrate, approximately 36 wt% of the recovered hptd was 
identified as ceramides. However, in addition to ceramides, fatty 
acids and other unidentified species (but no sterols) were present 
(data not shown). This lipid profile is in agreement with th~ distri-
bution reported by Swartzendruber eta! [11,15] after alkalme hy-
drolysis of solvent-extracted SC. 
Electron Spin Resonance 
Sample Preparatior1 The ESR quartz cells, 3.8 mm OD and 125 mm 
in length, with screw caps fitted with silicone rubber .sept~, were 
obtained from Wilmad Glass Co (Buena, NJ). Two nucrohters of 
pdDTBN = w-z M in pentane were coated on the walls of quartz 
cells, and the pentane was allowed to evaporate off. The concentra-
tion of spin probe dissolved in the SC sample was= w-s moles/30 
mg SC sample. After the sample was added, the cell was capped and 
two 25 gauge needles were inserted into the septum and swe~t wtth 
nitrogen. At least 3 d were allowed for the pdDTBN to dtssolve 
uniformly in the SC samples. Before ESR measurements were made 
the samples were reswept with nitrogen for at least 5 min at a very 
slow flow rate (= 5 cc/min) to remove oxygen. 
Instrumentation A Varian Model E-12 ESR spectrometer andre-
corder (for hard copy) were coupled to a data collection system, 
Keithly 195A Digital multimeter, IEEE interfaced to an IBM-PC. 
Origin of DTBN ESR Spectra Electron paramagnetic resonanc~, 
also referred to as electron spin resonance (ESR), is a spectroscoptc 
technique that detects the presence of unpaired electrons due .to 
their resonant absorption of energy from applied microwave radta-
tion when the spin probe is placed in a strong magnetic fie!d 
(= 3200 gauss for X-band microwaves). When pdDTBN, shown 111 
Fig 3, is dissolved in a non-viscous isotropic solvent (i.e., water, 
ethanol, n-hexane, acetone), extremely rapid random tumbling 
motion occurs equally about all axes and the resulting ESR spectr~m 
consists of three well resolved lines: low(+ 1), center (0), and htgh 
field (-1) (19]. The line widths and intensities are dependent upon 
the complex orientations of the pdDTBN, which in turn depend 
upon the structure of the{dDTBN's local molecular environment 
and temperature [ 19-21 . In more viscous isotropic solvents the 
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spectral lines are no longer identical in widths or intensities. For 
example, the ESR spectra observed for pdDTBN dissolved in SC 
shown in Fig 3 show rapid motional averaging over all spin probe 
axes as well as a small amount of spin probe immobilization. Line 
separations (hyperfine splitting, a0) depend on the polarity of the 
spin probe environment [22,23]. In summary the relationship of 
low(+ 1), center (0), and high (-1) field line intensities and their 
line widths with temperature provides the following information: i) 
occurrence of phase transitions in the spin probe's environment, ii) 
relative preferential spin probe reorientation (isotropic or aniso-
tropic motion), and iii) polarity of the spin probe's environment. 
ESR Data Analysis In order to take advantage of the possibility of 
resolving isotropic versus anisotropic domains in SC the following 
changes were made in the mobility calculations previously reported 
(7]. Empirical motion parameters (referred to as reorientation corre-
lation times or mobilities) re±t and re-t may be defined for 
pdDTBN dissolved in multi-domained SC samples by arbitrarily 
setting the constants in equations (1) and (2) at their.limiting values 
in the case of rapid isotropic motion as follows: 
re±1 = 7.1 x w-lo w+t [h+t/IL 1 ) ~ - 1] (1) 
and 
(2) 
where W 0 and W +t are the line widths of the center and low field 
lines, and h_ 1 , h0 , h+ 1 , the intensities of the high field (-1 ), center 
field (0) , and low field (+1) lines, respectively [19-21]. If the spin 
probe's motion is rapid and isot~opic, (re±1 = re-- 1), ~og r;s. sh.ould 
show a linear dependence on the 111verse temperature m the hmtts of 
1Q-It<< r<< 3 X 10-9 sec (20]. To illustrate this approach, 
pdDTBN was dissolved in pure glycerol and triolein and the ESR 
spectra recorded as a function of temperature. As shown in Fig 4A, 
the reorientation correlation times (mobilities) showed a linear de-
pendence upon inverse temperature for glycer?l ~nd triolein in the 
temperature range measured, and re±t = r_ 1 wtthm the range of the 
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Figure 3. The three principal nitroxide rotation axes for perdeuterated 
di-tert-bucyl nitroxide (pdDTBN} are shown at the top. An example ofESR 
first derivative spectrum {center spectrum) for the spin probe in SC at 4o•c 
and the corresponding computed integral (absorption spectrum, lower spectrum) 
show both coexisting mobile and a small amount of immobilized spin probe. 
(Note: The small shoulders seen on both spectra are due to the presence of 
13C in pdDTBN (19]}. 
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Figure 4. Arrhenius type plots (A) are show11 for the rcoriclltation correla-
tion times (mobilities) as a function of inverse temperature for pdDTBN 
dtssolved tn glycerol (circles) and triolein (squares) . Opw symbols and closed 
sytt~bols are values for t.,... 1 and te±1 ,respectively. In plot (B) the hyperfme 
splttttng (ao), a measure of the polanty of the spin probe's environment, for 
pdDTBN in glycerol and triole.in, is shown as a function of temperature. 
These a0 va lues are compared Wtth a0 values reported for water, oleic acid, 
acetone, and alcohol [ 6,21 ,22] (please see text for further discussion). 
reorientation correlation times of 10- 11<<r<<3 X 10-9 sec. The 
same behavior was found for pdDTBN dissolved in triolein down to 
the temperature at which triolein solidifies, = -5o C. 
The isotropic hyperfine splitting (a0) shown in Fig 4B, a measure 
of the polarity of the spin probe's environment, is essentially con-
stant [19,21] only when the spin probe retains a high level of mobil-
ity. For example, the polarity of the spin probe's environment in 
glycerol and triolein re~ai~ed constant over the same temperature 
range. The hyperfine sphtung of pdDTBN in glycerol and triolein 
are compared with previously reported values for pdDTBN in other 
solvents in Fig 4B. By comparing these values with those reported 
previously for the spin probe in various pure solvents [7 ,22,23], the 
polarity of the spin probe's environment can be determined. 
Because of uncertainties in the distribution of the spin probe in 
the various domains in SC, the computed T0 's are not to be consid-
ered directly related to those obtained in pure liquids; however, a 
comparison between the transitions observed in the Arrhenius-type 
plots and diffe7ences be.tween the valu~s of <e±t and <.- 1 vs tempera-
ture prov1des mformat10n on the reahgnment of the spin probe in 
the various domains. If Tc:t1 = <.- 1, then the spin probe's motion 
about all axes is equal and rapid; however, the lack of spherical 
symmetry of the pdDTBN molecule precludes truly isotropic mo-
tion. 
Estimation of Percentage of Spin Probe Immobilization The partition-
ing of the pdDTBN probe among various domains in SC and SCM 
depends upon the melting of lipid domains and the amount of 
non-lipid components which immobilize the spin probe. The 
pdDTBN has a much greater mobility in highly disordered do-
mains than it does in solidified lipid domains. Therefore, partition-
ing of the spin probe will depend on the amount of melted versus 
solidified lipid and the binding affinity for pdDTBN in non-lipid 
domains. If the majority of the lipids are highly disordered 
("melted"), then the ESR flrst derivative, and more significantly the 
integral (absorption spectrum), will show isotropic spectra similar 
to those shown in Fig 3. The relative amounts of mobile spin probe 
(expressed as percentage of total spin probe) in the SC and SCM can 
be computed in the following manner: The total area under the 
absorption curve shown in Fig 3 gives the total spin probe present. 
The area for the mobile spin probe (the sum of areas under the low, 
center, and high field lines) divided by the total area under the 
absorption spectrum gives the percent mobile spin probe. However, 
a large uncertainty occurs in these type of calculations because of the 
inaccuracy in drawing the baselines due to 13C side bands shown in 
Fig 3 and differences in the partitioning of the pdDTBN probe 
between lipid and non-lipid domains. [Note: 3 X area of resonance 
line + 1, 0, or -1 equals the sum of the areas for resonance lines, 
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(:J- 1)""!"" (0)+ (-1).] These calculations are nevertheless useful in es-
tlmatmg the percent of spin probe in "solidified" domains. For 
example, the percentage of free mobile probe, area of 
~+ 1)+ (0)+ (- 1)/total area of the absorption spectrum, in Fig 3C 
IS = 80%, whereas the remaining probe is immobilized. 
Furthermore, the completeness of lipid removal from these SC 
sami.Jies as .well as the amount of immobilized pdDTBN can bel 
momtored 1~ the followmg manner. In Fig 5 a comparison of the 
ESR first denvat1ve spectra for pdDTBN dissolved in Bligh/Dyet 
solvent extract~d SC (Fig SA) vs chloroform:methanol (2:1 by vol.) 
foll?wed by .Bhgh/Dyer solvent extracted SC (Fig 5C) are shown. 
An mcrease m the concentration of mobile spin probe as shown ~ 
both the ESR ~rst derivative and absorption spectra occurs at highet 
temperatures; 1.e., = 3% ~t 2oC and= 12% at 58oC (Fig SB). In Fig 
5C, the first denvauve spectra for SC extracted with. 
chloroform:methanol followed by Bligh/Dyer extraction, show 
that almost all of the disordered lipid domains have been removed. 
RESULTS 
ESR of pdDTBN in Whole SC and SCM The Arrhenius type 
plots ~hown 111 Ftg 6A,B compare the spin probe mobilities, <e±t and 
<.-~, m SC and SCM as~ function of temperature. In the physio-
l?gtc temperature range, t.e., = 20 • to 40° C, the spin probe mobili, 
~1es, re± t ""' re-I, showed essential ly the same linear dependence on, 
mverse temperature as was observed for glycerol and triolein. This 
temper~ture d~penden~e suggests that the spin probe is dissolved in 
~otr~p1c hqUid domau~s. Th~ thermal t~ansition that begins at 
20 C and ends at 40 C (m1d-pomt 33 C), compares with the 
DSCo results previously reported for neonatal mouse SC [7]. At 
= 60 C, ~e± 1 = Te-1, mdicating rapid spin probe tumbling and 
equal motion about all axes of the pdDTBN. This transition corre-
sponds to the thermal transition that was observed at 60 o C in DSC 
ther~ograms of neonatal whole SC [8]. Between40° and 60°C thel 
reonentatlon corre l a~ion}imes r~~ain. c.onstant .with increasing 
temperature, su.ggestmg . meltmg of hptd domams of essentially 
c.o;stant VISC?~Ity. Despite their similarities in ultrastructure and 
hp1d comp?s1t10n, these phase transitions are less well-resolved in 
SS:M than m.mtact SC (Fi~ 6B). Moreover, neither plot shown in 
F1g 6B comc1des exactly w1th the mobilities for the spin probe in 
whole SC (Fig 6A). 
As shown in Fig 6A,B, at .temp~ratu~es below 23 o C, the SC lipids 
become more ordered, .whtch g1ves nse to anisotropic motion, as 
reflected by the mcreasmg differences between values of re± 1 and 
r.-t· At these lower temperatures the mobility of the spin probt-
decreases .but do~s not become completely immobilized in either SC 
or SCM, mdicat.mg t.he p:esence oflipids that melt at lower temper-
atu~es; ~ . g., ~?!etc actd (c~s-9-octadecenoic acid mp.11 °C), 0!-lino-
~mc a;Jd (Cis-9,cls-~2,cl~-15,~octadecatrienoic acid, mp. -10 to 
11.3 C), oor arach1domc ac1d (5 ,8,11,14-eicosatetraenoic acid, 
mp. -49.5 C). The pre~ence of these lipids would prevent com-
B c 
~ 
2'C 
Fi~urc 5. ~he ESR first derivative spectra (A) are shown for zoe and at 
58 C for Bhgh/Dyer extracted SC. The computed absorption spectra (inte-
gral .of ESR spectra) (B) are shown for z o and ss•c; the percentage 
mobde spm probe for the lower temperature is 3% and for the highet 
temperature 12%. Only the ESR first derivative spectra are shown in (C) fo1 
chloroform: methanol extractiOn followed by a Bligh/Dyer solvent extrac-
~lOn . The up~er spectrum recorded at _2.2 • C and the lower spectrum at 59•c 
tllustrate an mcrease spm probe mobthty with temperature. 
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Figure 6. A shows the reorientation correlation times, a measure of appar-
ent spin probe mobility, as a function of temperature for pdDTBN dissolved 
in SC (circles) and in B for SCM (squares). The open and closed symbols 
represent values for T.,-t and Tat, respectively. 
plete immobilization of the spin probe, giving rise to the observed 
ESR spectra. 
As described above, the estimated percentage of mobile spin 
probe was computed for both SC and SCM. In whole SC below ooc 
the estimated percentage of mobile spin probe ranged between 
= 10% and 30% and = 50% and 60% for SCM. The percentage of 
mobile spin probe increased in SC from = 30% at 0 o C to = 70% at 
40 o C and to= 80% in SCM. At all temperatures greater percentages 
of mobile spin probe were computed for SCM than for whole SC. 
This is not surprising because all the intracellular keratin and poly-
peptides, amino-acids, etc., were removed during the preparation of 
SCM; therefore, a greater percentage of spin probe would now be 
associated with the remaining less-ordered intercellular lipid do-
malns. 
Solvent Extracted Whole SC and SCM As shown in Fig 7, the 
spin probe mobilities in the solvent extracted SC and SCM also 
show a linear dependence on inverse temperature. However, no 
thermal transitions are observed. Moreover, the essentially large and 
constant difference between the val ues of re± 1 and re- 1 at all temper-
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(Bligh-Dyer) extracted SC (circles) and solvent extracted SCM (squares). 
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atures indicates that a preferential axis reorientation of the spin 
probe occurs in a highly ordered solvent; i.e., liquid crystalline 
environment. Furthermore, the spin probe's motion in an aniso-
tropic solvent (cholesteryl oleate) as a function of temperature, 
showed a similar large constant difference between Te±t and re- 1 (data not shown). Finally, a transition at 42oC was observed as a 
result of the change in molecular alignment of cholesteryl oleate 
from a smectic to a cholesteric phase (26]. 
At = o oc the T values for sc coincide with those for solvent 
extracted SC. However, after solvent extraction, the spin probe 
remains dissolved in the highly ordered domain (re- 1> >re±1) over a 
wide temperature range; i. e., 0 ° to 60oC as shown in Fig 7. These 
data suggest that at this lower temperature (O oC), the spin probe in 
SC or SCM is dissolved in the same highly ordered domain as in the 
solvent extracted SC or SCM. As the temperature increases, the spin 
probe in SC partitions into "melted" lipid domains, until finally at 
= 20 o C the majority of the spin probe is dissolved in an isotropic 
liquid domain. . 
An important difference between pdDTBN dissolved in SCM 
and solvent extracted SCM was the rapid decay of the spin probe 
signal. Solvent extracted SCM decays rapidly at temperatures above 
55 o C, indicating possible exposure to a free radical reducing agent. 
Polarity of the Environment of pdDTBN in Whole SC and 
SCM The polarity (hyperfine splitting) vs temperature profiles 
for pdDTBN in SC and SCM are shown in Fig 8. As the tempera-
ture increases the polarity of the spin probe's environment becomes 
more polar in SC as compared with SCM. The hyperfine splitting 
below o oc for the spin probe dissolved in sc compares with values 
for less polar solvents (Fig 4B) . However, the polarities of the lipid 
domains in both the solvent extracted SC and solvent extracted 
SCM are less polar than those in unextracted SC at temperatures 
above ooc. 
pdDTBN Dissolv~d in Sphingolipids The thermal phase 
transition observed 111 the vanous stratum corneum samples at 
= 60 o C, for the condition Te- 1 = re±t may involve the "melting" 
at= 65 o -80°C of the acyl chains in sphingolipids (27]. Hence, we 
next accessed the mobilities for pdDTBN in both non-hydroxy 
fatty acids (NFA)-containing and hydroxy fatty acid (HFA)-con-
taining ceramides (Fig 9). The major phase transitions in both types 
of ceramides occurred at their melting points; i.e.,= 70 °C, in agree-
ment with the melting points determined by DSC (27]. In addition, 
two distinct lower phase transitions are also observed in NFA cer-
amides; i.e., = 20 o and = 35 o C, while in contrast, only the lower 
transition temperature is observed in HFA-containing ceramides. 
These same transitions are consistent with the plots of polarity 
versus temperature for ceramides (Fig 10). Moreover, the polarity of 
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the spin pro~e's en~iron~ent for both types of sphingolipids in-
creases as theu melung pomts are approached. These data indicate 
that the spin probe's environment in HFA-ceramides is more polar 
than is NFA-ceramides. However, neither the spin probe mobility 
nor the polarity data for these sphingolipids coincide with any of the 
spectra observed in SC, SCM, or solvent-extracted samples (cf, Figs 
6A,B and 7). 
DISCUSSION 
The experimental data presented here independently confirm that 
the majority of SC lipids are contained within the intercellular 
lamellar bilayers of the stratum corneum [6]. Moreover, the pres-
ence of a small amount of mobile, but preferentially oriented spin 
probe in a highly ordered domain(s) after solvent extraction is con-
sistent with both ultrastructural [ 11, 12,24] and biochemical studies 
[12), which indicate that a small amount oflipid (less than O.So/o by 
weight) remains attached to the corneocyte envelope. The highly 
ordered domains remaining after solvent extraction showed no 
phase transitions over the temperature range -23-65 • C, indicat-
ing that the removal of cholesterol and cholesteryl esters may be 
responsible for ordering the intercellular lipid domains. It is of 
interest that even small amounts of cholesterol, i.e., less than 0.05 
molo/o, have been found to significantly increase the mobility of 
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Figure 10. Polarities of spin probe's environment in NFA-ceramides (filled 
circles) and HFA-ceramides (open circles) as a function of temperature. Note 
the more non-polar environment of the spin probe's environment in NFA-
ceramides. 
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another spin probe, 5-doxyl stearic acid, in phosphatidylcholine 
membranes (28]. 
The ESR data in this study, which are derived from a much wider 
temperature range and a much lower water content, are nevertheless 
in general agreement with the recent x-ray diffraction studies of 
whole mu.nne SC and SCM [11). The ESR results show the exis-
t~nce of ~tgh ly ordered domains (immobilized spin probe) and less 
vtscous (tsotroptc) domains that coexist in intact SC and persist in 
SCM. As the temperature is increased, the amount of immobilized 
spin probe decrease~, and phase tran~it~ons occur at both physiologic 
a~d supraphystologtc temperatures m mtact SC. These phase transi-
twns are abo!tshed by organic solvent extraction. These experi-
~ents, ~oupled wtth recently reported biochemical studies reported 
I~ the !tterature [1-5,12), give rise to a more complete molecular 
vtew of ~he stratum corneum. Chemically the stratum corneum can 
b_e descnbed a~ corneocytes containing intracellular protein (kera-
tm), polypepttdes [25], amino acids [25], and other unidentified 
components (e . ~., carbohydrates) surrounded by a cornified enve-
lope . . The cormfi.e.d envelope is composed of highly cross-linked 
protems and ~~ntams enzymes and receptor sites on its outer surface 
c~mplexed !tptds [1- 5, 12). These corneocytes are embedded in a 
htghly ordered lipid lamellar structure [5,24]. The removal of cho-
!esterol,.choleste:ol esters, and possibly polypeptides [25] from the 
l~t~rstttlal domams results in further ordering of the remaining 
!tpt?s· These s.te~ol components may be responsible for the disor-
denng of the hptd domams in normal SC. Previously, a decrease in 
cholesterol levels has been proposed to be involved in abnormal 
desquamation [7,9]. 
After solvent extraction, the difference in the values of r and t.~t was large a~d remained essentially constant with temp;;;ture, 
with a decrease m_ the ~olanty of the spin probe's environment (see 
Ftgs 8 ~nd 9~. It ts of Interest to .Point out that in the wide-angle 
x-ray dtffractLon patterns reported by White et al [11 J for SC, SCM, 
and solvent ~xtracted SCM, two lines, 9.4 and 4.6 A, remained 
unchanged :"'1t~ temRerature. These patterns may reflect the highly 
orJered regton 111 whtch the spin probe resides in solvent extracted 
S~ and SCM. In the ESR method the pdDTBN molecule, with 
dtmenswns along x·or y axes of8.4 A and z axis of 6.2 A, responds to 
molecular rearrangement of the microdomains on the order of the 
short-range spacing observed in wide-angle x-ray diffraction pat-
terns. 
The phase ~ransitions shown in Figs 9 and 10 for ceramides are in 
agreement wtth the phase transitions reported in the literature [27]. 
! he data provtded ?ere ~n~hcate that the mobility of the spin probe 
~~ these model sphmgoltptds does not correspond to its mobility in 
etther who.le ~~or S~~- This can be explained by the observation 
that when t.n?wtdu~l hptds are mixed, as in membrane bilayers, the 
phase tr~nstttons shift dramatically because of the formation of eu-
tect~c mixtures (melting at temperatures below the melting points 
o.f etther pure compone~ts) [7, 9 ,~6). Thus, extrapolation of transi-
tiOn data ~btamed from Isolated ltpids may not relate to transitions 
observed 111 membran~s. in .vivo; therefore, assignment of phase 
transitt~ns to spectfic ltp1ds ts problematic. Finally, both the elec-
tron mtcrographs of adult hairless mouse SC and SCM and che 
e:ctract lipid proftles were found to be similar. Yet both prior x-ray 
diffractiOn studtes [ 11 ] and these ESR results demonstrate signifi-
cant ~tffer~nces between these two preparations. In view of the 
emulstficatwn-type method used to obtain stratum corneum mem-
branes ~omplexes, it .would be surprising indeed if the SCM re-
flected tdentical phystcal characteristics as whole SC. 
These studies also demonstrate how the DSC and ESR potential! 
~an pr~v1de complementary information about thermal phenomena 
~~ SC Intercellular lamellae. Whereas the DSC technique can pro-
vtde b.oth thermal transltlons and the corresponding enthalpies in 
bulk ttssue samples _[8,9], its resolution can be restricted in samples 
t~at possess a. relauvely low lipid content (e.g., solvent extracted 1 
t~ssues as stud1ed here) . In contrast, the ESR technique reports selec-
tively from lipi~-enriched environments, and hence is not as depen· 
dent on the ltptd content of the SC sample, which normally has a 
low lipid content; i.e., 1-12%, depending on topographic site. 
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Thus, it is ideal for studies such as these, where even tissues that have 
been exhaustively solvent-extracted (lipid weight <0.5%) can be 
compared to unextracted samples. Moreover, these studies demon-
strate chat the ESR method not only provides information about the 
location oflipid domains in the SC, bur also about the quantities and 
polarities of residual lipids after solvent extraction. As shown in Fig 
5, che amount of mobile spin probe indicates the completeness of 
solvent extraction. Thus, application of the ESR technique, in con-
junction with a lipophilic spin probe, such as pdDTBN, can be used 
to monitor the completeness of lipid removal. Unlike DSC mea-
surements, the ESR data not only provide compositonal data, but 
also information about the molecular organization and thermal be-
havior of lipids and lipid-protein complexes within the tissue. 
We would like to tha11k Mara Hit~cet~bergfor the lipid a11alysis a11d Dr. Stephett 
Graysott for diswssio11s a11d help itt the preparatiott of the SCM. 
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